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SUMMARY 


Performance  measurements  on  two  rotor  systems  were  made  for  hover  and  for  simu¬ 
lated  forward  flight  in  the  Langley  4-  by  7-Meter  Tunnel.  The  first  rotor  system, 
tested  as  a  "baseline,"  was  a  dynamically  accurate,  1/4-scale  model  of  the  current 
rotor  system  on  the  UH-1  helicopter*  The  second  rotor  system,  designed  for 
"advanced"  performance  with  similar  dynamics,  varied  from  the  baseline  system  in 
airfoil  cross  section,  in  twist,  and  in  geometric  taper  of  the  planform.  In  hover 
out  of  ground  effect,  the  advanced  rotor  demonstrated  a  maximum  improvement  of 
10  percent  in  the  figure  of  merit  for  an  isolated  rotor  when  compared  to  the  baseline 
rotor.  A  thrust  improvement  of  about  7  percent  was  shown  for  the  helicopter  (includ¬ 
ing  the  fuselage  downloading  effects)  using  the  advanced  rotor  in  hover  out  of  ground 
effect,  at  a  torque  coefficient  equivalent  to  full  power  of  the  full-scale  vehicle  at 
sea-level  standard  conditions.  In  forward  flight,  the  advanced  rotor  demonstrated 
significant  reductions  in  torque  (power)  required  throughout  the  range  of  advance 
ratios  (speeds)  tested.  Reductions  of  up  to  17  percent  in  required  torque  were  mea¬ 
sured,  with  the  larger  reductions  occurring  at  the  higher  advance  ratios  and  higher 
lift  values. 


INTRODUCTION 

Improvements  in  rotorcraft  performance  through  the  use  of  new  airfoil  shapes  and 
variations  in  rotor  twist  and  planform  have  been  studied  at  the  U.S.  Army  Structures 
Laboratory  at  Langley  Research  Center  (refs.  1  and  2).  Interest  in  acquisition  by 
the  U.S.  Army  of  a  replacement,  all-composite  main  rotor  blade  for  extension  of  the 
life  of  UH-1  utility  helicopters  provided  a  specific  design  goal.  By  distributing 
airfoil  cross  section,  twist,  and  taper  as  described  in  reference  2,  a  rotor  system 
was  designed  which  was  predicted  to  improve  the  performance  of  the  UH-1  helicopter. 

This  test  program  compares  the  performance  at  1/4  scale  of  a  standard, 

"baseline"  rotor-blade  set  to  that  of  a  new,  "advanced"  rotor-blade  set.  The  base¬ 
line  rotor  blades  and  hub  were  designed  to  match  the  performance  and  dynamic  charac¬ 
teristics  of  the  full-scale  UH-1  helicopter.  The  advanced  rotor  blade  was  designed 
such  that  performance  changes  would  be  attributed  only  to  the  geometric  properties  of 
the  blades.  The  wind-tunnel  tests  were  conducted  at  Mach  scale,  matching  full-scale 
tip  speeds.  By  matching  tip  speeds,  full-scale  Mach  effects  (most  prominent  in  the 
tip  region)  are  simulated  at  model  scale.  Examples  of  Mach-scale  to  full-scale  per¬ 
formance  correlation  are  given  in  references  3  and  4. 

Performance  data  were  acquired  and  analyzed  for  both  baseline  and  advanced  blade 
sets  in  hover,  in  and  out  of  ground  effect,  and  at  forward  speeds  from  26  to  57  m/sec 
(50  to  110  knots;  characteristic  of  the  UH-1  helicopter).  Ranges  of  lift  and 
propulsive-force  coefficients  representing  the  full-scale  UH-1  helicopter  were 
tested.  Acoustic  data  were  acquired  during  the  test  and  are  presented  in 
reference  5. 

Since  the  purpose  of  this  test  was  to  determine  the  effect  of  geometric  and  not 
dynamic  influences  on  performance,  the  use  of  the  advanced  blade  system  on  a  flight 
vehicle  will  require  optimization  of  dynamic  characteristics  for  the  advanced  blade 


design.  The  advanced  blade  system  tested  had  a  significantly  lower  polar  moment  of 
inertia  than  the  baseline,  which  would  result  in  less  energy  available  for  entry  into 
autorotation. 

SYMBOLS 

The  physical  quantities  defined  in  this  paper  are  given  in  the  International 
System  of  Units  (SI).  Measurements  and  calculations  were  made  in  the  U.S.  Customary 
Units  and  conversion  factors  relating  the  two  systems  are  presented  in  reference  6. 
The  rotor  performance  data  have  been  resolved  in  the  shaft  axis  system  with  the 
moment  reference  center  located  at  the  nominal  center  of  gravity  of  the  vehicle. 
Figure  1  is  an  illustration  of  the  positive  directions  of  directed  quantities. 

A.j  lateral  cyclic  blade  pitch,  deg 

aQ  rotor  coning  angle,  deg 

a1  longitudinal  flapping,  deg  (A1S  in  tables  III  and  IV) 

longitudinal  cyclic  blade  pitch,  deg 
b1  lateral  flapping,  deg  (BIS  in  tables  III  and  IV) 

CD  rotor  drag  coefficient,  Drag/pnQ2R4  (CD  in  tables  III  and  IV) 

C L  rotor  lift  coefficient,  L/pitQ2R4  (CL  in  tables  III  and  IV) 

Cg  rotor-shaft  torque  coefficient,  Q/pmS^R5  (CQ  in  tables  III  and  IV) 

C,p  rotor  thrust  coefficient,  T/pmQ2R4 

CTF  fuselage  thrust  (normal  '~rce  coefficient),  TF/pit?)2R4 

CTT  total  thrust  coefficient,  (T  +  TF)/pnQ2R4 

C.G.  center  of  gravity 

c  local  chord  of  rotor  blade,  m 

D  drag,  N 

d  rotor  diameter,  2R,  m 

FM  rotor  figure  of  merit,  0 .707CT3//y/Cg 

H  height  from  tunnel  floor  to  hub  center,  m 

L  rotor  lift,  N 

MT  advancing-blade  tip  Mach  number,  (V^  +  DR) /Local  speed  of  sound 

(tables  III  and  IV) 

Q  rotor  torque,  N-m 
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R  rotor  radius,  1.829  m 

T  rotor  thrust,  N 

Tf  fuselage  thrust  (normal  force),  N 

Vfc  rotor  tip  speed,  QR,  m/sec 

free-stream  velocity,  m/sec 

fuselage  angle  of  attack,  deg  ( ALPF  in  tables  III  and  IV) 
H  rotor  advance  ratio,  Va/Vt  (MU  in  tables  III  and  IV) 

p  free-stream  density,  kg/m"* 

4/  rotor  azimuth,  deg 

Q  rotor  angular  velocity,  136  rad/sec  (nominal) 


MODEL  AND  APPARATUS 

This  investigation  was  conducted  using  the  general  rotor  model  system  ( GRMS ) 

(as  described  in  refs.  7  and  8)  in  the  Langley  4-  by  7-Meter  Tunnel.  The  GRMS  was 
configured  as  a  1/4-scale  model  of  the  UH-1  helicopter.  A  detailed  sketch,  an 
internal  component  layout,  and  a  photograph  of  the  model  are  presented  in  fig¬ 
ures  2(a),  (b),  and  (c),  respectively. 

The  1/4-scale  fuselage  represented  a  general  member  of  the  UH-1  helicopter 
family,  without  precise  modeling  of  specific  helicopter  details  such  as  doors  or 
external  stores;  thus,  the  model  represents  a  "cleaner"  body  configuration  than  an 
actual  helicopter.  The  hub  system  used  for  this  study  was  the  teetering-rotor  hub 
system  for  the  UH-1  helicopter,  including  leading  pitch  horns  with  no  pitch-flap 
coupling.  Hub  precone,  pitch-horn  offset,  and  teetering-axis/f eathering-axis  offset 
(undersling)  are  properly  scaled.  The  swept  area  of  the  pitch  links  and  the  shaft 
are  larger  than  scale,  but  no  stabilizer  bar  is  modeled,  resulting  in  similar  hub 
drag  area. 

A  set  of  blades  closely  scaled  both  geometrically  and  dynamically  to  represent 
the  14.6-m  (48-ft)  main  rotor  system  of  the  UH-1  helicopter  was  tested  as  a  baseline. 
The  baseline  blade  is  of  uniform  NACA  0012  airfoil  cross  section.  Twist  from  center 
of  rotation  to  tip  varies  linearly  by  -10.9°.  The  dynamic  characteristics  of  the 
baseline  rotor  system  were  designed  to  match  those  of  the  full-scale  UH-1  helicopter 
rotor  system.  The  analysis  in  reference  9  was  used  to  verify  that  the  natural  modes 
of  the  baseline  blade  set  matched  those  of  the  full-scale  UH-1  helicopter  blades. 

The  dynamic  properties  of  the  baseline  blade  set,  when  coupled  with  the  stiff  control 
system  of  the  GRMS,  were  predicted  to  result  in  undesirable  response  characteristics. 
Therefore,  variable-stiffness  pitch  links  were  used  to  soften  the  control  system, 
avoiding  unfavorable  system  response. 

The  advanced  blades  were  designed  as  a  bolt-on  replacement  for  the  standard 
blade  set.  The  advanced  blade  is  of  the  same  overall  radius  R  as  the  baseline. 

The  inboard  chord  of  the  advanced  blade  is  26  percent  greater  than  the  baseline  and 
constant  to  0.5R.  The  chord  has  a  three-to-one  taper  ratio  from  0.5R  to  the  tip. 
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The  airfoil  sections  used  are  described  in  reference  1.  From  root  to  0.8R,  a 
RC(3)-12  section  (ref.  1)  is  used;  between  0.8  and  0.9R,  there  is  a  transition  to  a 
RC(3)-10  section,  and  the  transition  continues  to  a  RC(3)-08  section  at  the  tip.  The 
chord  line  twists  linearly  from  the  center  of  rotation  to  the  tip  by  -14°.  The 
advanced  design  rotor  system  was  constructed  to  have  dynamic  characteristics  similar 
to  the  baseline  system.  Geometric  differences,  particularly  in  the  tip  region,  pre¬ 
vented  matching  dynamic  characteristics  exactly. 

Both  blade  types  tested  are  shown  in  the  planforms  in  figure  3.  Table  I  is  a 
summary  of  the  characteristics  of  both  rotor  systems  tested.  Although  the  advanced 
blade  set  has  a  higher  (by  4.8  percent)  planform  solidity,  the  solidity  factors 
affecting  performance  (thrust-  and  torque-weighted  solidities  from  ref.  10)  are  lower 
(by  18.9  percent  and  25.6  percent,  respectively)  because  of  the  taper.  A  portion  of 
the  performance  differences  measured  may  have  been  attributed  to  surface-condition 
differences  between  the  two  blade  sets,  which  were  supplied  from  different  sources. 
Although  both  blade  sets  met  specifications  for  surface  finish,  the  finish  on  the 
advanced  set  was  smoother. 


TEST  ANr  PROCEDURES 

The  performance  of  the  advanced  and  baseline  blade  systems  was  investigated 
at  the  nominal  rotational  speed  (1296  rpm)  in  hover,  in  and  out  of  ground  effect, 
and  in  simulated  forward  flight  at  advance  ratios  simulating  speeds  up  to  57  m/sec 
(110  knots).  Hover  testing  was  conducted  in  the  wind-tunnel  test  section  with  the 
ceiling  and  walls  of  the  test  section  fully  raised  and  the  tunnel  circuit  closed  to 
prevent  rotor-induced  crossflow.  Hover  testing  out  of  ground  effect  was  conducted  at 
a  height-to-diameter  ratio  (H/d)  of  1.3.  To  determine  ground  proximity  effects, 

H/d  was  varied  using  the  model  support  system.  The  minimum  advance  ratio  (0.10)  was 
established  using  the  criteria  of  references  11  and  12  to  prevent  flow  breakdown  and 
to  minimize  the  correction  for  flow  angularity,  respectively.  For  forward  flight, 
the  test-section  ceiling  and  solid  walls  were  in  their  normal  closed  configuration 
and  the  rotor  H/d  was  held  at  0.67  to  minimize  flow  interference  due  to  the  pres¬ 
ence  of  the  test-section  floor  and  ceiling.  The  ratio  of  rotor  diameter  to  test- 
section  width  was  0.55,  and  the  ratio  of  rotor  disk  area  to  test-section  cross  sec¬ 
tion  was  0.35.  The  data  presented  have  been  corrected  for  these  influences  by  the 
methods  of  reference  11. 

Performance  in  forward  flight  was  determined  by  setting  a  fuselage  angle  of 
attack  and  holding  a  rotor  propulsive  force  constant  through  the  input  of  various 
longitudinal  cyclic  values  for  a  range  of  lift  values  determined  by  collective  set¬ 
ting  of  blade  pitch.  The  values  of  rotor  propulsive  force  were  chosen  to  offset 
nominal  values  of  fuselage  drag  determined  from  reference  13.  At  selected  combina¬ 
tions  of  advance  ratio  and  fuselage  angle  of  attack,  an  additional  value  of  propul¬ 
sive  force  was  tested  to  determine  the  sensitivity  of  rotor  power  to  rotor  drag  (pro¬ 
pulsive  force).  Lateral  cyclic  blade  pitch  was  held  close  to  a  value  of  -1.2°  which 
was  chosen  as  a  result  of  analysis  of  full-scale  data.  Mach  number  differences  of  up 
to  0.01  were  caused  by  variations  in  temperature.  Forward-flight  test  conditions  are 
listed  in  table  IT. 


RESULTS  AND  DISCUSSION 
Hover 

Rotor  performance  out  of  ground  effect  is  shown  in  figure  4  for  both  blade  sys¬ 
tems.  The  thrust  coefficient  (CT)  of  0.0033  is  required  to  offset  the  design  gross 
weight  of  the  UH-1  helicopter  (42.2  kN  (9500  lb)),  at  sea-level  standard  conditions. 

A  thrust  coefficient  of  0.0039  was  obtained  out  of  ground  effect  with  the  baseline 
blade  system  at  the  maximum  power  available  from  the  model  system.  The  advanced 
blade  system  was  tested  to  a  maximum  thrust  coefficient  of  0.0043  without  using  all 
of  the  available  system  power. 

The  figure  of  merit  of  the  advanced  blade  system  reached  a  maximum  of  0.76  ver¬ 
sus  the  maximum  of  0.69  for  the  baseline  blade  system,  which  represents  a  10  percent 
improvement  at  CT  =  0.0038.  The  advanced  blade  system  reached  a  maximum  efficiency 
at  a  CT  of  about  0.004  where  the  baseline  blade  system  did  not  have  a  maximum  value 
within  the  range  tested. 

At  the  lowest  thrust  value  (well  below  useful  lifting  thrust) ,  the  advanced 
blade  system  experienced  a  torque  rise.  This  torque  rise  can  result  from  the  higher 
twist  of  the  advanced  blade,  since  higher  twist  increases  the  elemental  induced  power 
with  offsetting  inboard  and  outboard  thrusts  when  the  total  thrust  approaches  zero. 

A  qualitative  measure  of  required  system  power  is  provided  by  the  motor  temperature. 
Testing  the  baseline  blades  at  maximum  thrust  caused  the  temperatures  of  the  electric 
drive  motor  to  rise  severely,  but  when  testing  the  advanced  blades,  the  extreme  tem¬ 
peratures  were  not  encountered.  It  should  be  noted  that  no  loss  of  balance  accuracy 
is  caused  by  a  high  motor  temperature. 

Full-scale  data  of  reference  14  taken  on  a  hover  test  stand  are  also  shown  in 
figure  4.  Agreement  is  shown  between  the  baseline  data  and  full-scale  data.  The 
full-scale  data  were  taken  at  H/d  =  0-875  (not  completely  out  of  ground  effect)  for 
the  isolated  rotor,  while  the  model  data  were  taken  completely  out  of  ground  effect 
but  with  small  thrust  recovery  due  to  the  presence  of  the  fuselage.  These  effects 
tend  to  be  offsetting.  This  correlation  provides  confidence  in  the  prediction  of  the 
advanced-rotor  hover  performance  at  full  scale. 

The  effect  of  the  rotor  downwash  on  the  fuselage  is  shown  in  figure  5.  Fuselage 
and  total  thrust  coefficients  are  presented  as  functions  of  torque  coefficient.  By 
design,  the  thrust  distribution  in  the  advanced-rotor  disk  is  such  that  more  rotor 
lift  (and  related  downwash)  is  distributed  inboard.  The  advanced  blade  system  did 
require  additional  thrust  coefficient  of  0.00003  in  hover  because  of  fuselage  down¬ 
loading  (about  1  percent  difference  in  total  thrust) .  When  this  additional  download 
is  subtracted  from  rotor  thrust,  an  increase  of  7  percent  total  thrust  (equivalent 
full-scale  additional  lifting  thrust  of  3.1  kN  (700  lb))  is  realized  at  full  power  of 
the  UH-1  helicopter  (torque  coefficient  of  0.00021)  out  of  ground  effect. 

Presented  in  figure  6  are  changes  due  to  effects  of  ground  proximity.  The  rotor 
figure  of  merit  and  the  fuselage  thrust  (normal  force)  coefficient  are  shown  at  a 
nominal  rotor  thrust  coefficient  of  0.003.  Contact  of  the  support  system  with  the 
test-section  floor  prevented  testing  to  the  "skids-on-the-ground"  condition  which 
occurs  at  H/d  =  0.304.  The  figure  of  merit  shows  less  sensitivity  to  ground  prox¬ 
imity  for  the  advanced  blade  system  than  for  the  baseline  system  in  the  range  tested. 
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Forward  Flight 
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The  basic  performance  data  taken  in  forward  flight  are  presented  in  table  III 
for  the  baseline  blade  and  in  table  IV  for  the  advanced  blade.  Comparisons  between 
the  two  blade  systems  at  the  same  fuselage  angle  and  advance  ratio  are  shown  in  fig¬ 
ure  7,  which  is  referenced  in  table  II. 

The  data  show  differences  in  required  torque,  with  baseline  blade  system  requir¬ 
ing  more  torque  than  the  advanced  blade  system.  The  baseline  data  shown  in  fig¬ 
ure  7(a)  were  obtained  without  trimming  the  rotor  attitude,  through  cyclic  control 
input,  for  constant  propulsive  force.  All  other  data  shown  in  figure  7  were  taken 
with  propulsive  force  held  nearly  constant.  Since  the  hub  drag  area  of  the  system 
tested  closely  matches  that  of  the  full-scale  helicopter,  no  correction  for  hub  drag 
has  been  applied  to  the  forward-flight  data. 

Rotor  performance  data  for  one  schedule  of  conditions  are  presented  in  figure  8 
as  a  function  of  advance  ratio.  This  schedule  represents  nominal  flight  conditions 
of  the  UH-1  helicopter.  Rotor  torque  data  are  presented  at  three  lift-coefficient 
values  (0.0025,  0.0030,  and  0.0035).  At  the  lowest  advance  ratio  (0.10)  and  at  the 
lowest  lift-coefficient  level  (0.0025),  a  difference  of  0.000015  in  torque  coeffi¬ 
cient  is  observed.  The  torque  difference,  when  scaled,  amounts  to  a  full-scale  power 
decrement  of  47  kW  (63  hp)  at  sea-level  standard  conditions.  At  the  same  advance 
ratio  with  a  higher  lift  coefficient  (0.0035),  a  difference  of  0.000022  in  torque 
coefficient,  or  69  kW  (93  hp)  full-scale  power,  is  observed.  At  a  high  advance  ratio 
(0.20)  and  the  lowest  lift  coefficient  (0.0025),  the  decrement  in  the  torque  coef¬ 
ficient  is  0.000016,  or  50  kW  (68  hp)  full-scale  power.  A  higher  lift  coefficient 
(0.0035)  at  the  same  advance  ratio,  yields  a  torque  decrement  of  0.000031,  or  98  kW 
(131  hp)  full-scale  power.  At  the  highest  advance  ratio  tested  (0.22)  with 
CL  =  0.0035,  the  power  decrement  amounts  to  a  decrease  of  over  17  percent  in  the 
power  required  by  the  baseline  blade  set.  Increases  in  power  differences  were 
observed  with  increases  in  lift  coefficient  at  all  advance  ratios  tested  and  with 
increasing  advance  ratio  at  all  levels  of  lift  coefficient  tested. 


CONCLUDING  REMARKS 

A  1/4-scale  model  of  an  advanced  rotor  blade  for  the  UH-1  helicopter  was  tested 
to  determine  its  performance  characteristics.  Wind-tunnel  tests  were  conducted  in 
hover  and  forward  flight  with  baseline  and  advanced  blade  sets  which  were  dynamically 
similar.  Through  the  use  of  advanced  airfoils  and  geometric  variations  in  rotor 
blades,  significant  rotor  performance  improvements  were  measured.  When  compared  to 
the  baseline  blades  tested,  the  advanced  blade  system  showed  the  following: 

1.  The  maximum  rotor  figure  of  merit  was  10  percent  higher. 

2.  When  fuselage  download  was  included,  the  thrust  available  for  hover  out  of 

ground  effect  was  about  7  percent  greater  at  a  torque  coefficient 
equivalent  to  full  power  available  in  the  UH-1  helicopter  at  sea-level 
standard  conditions. 
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3.  Power  reductions  of  up  to  17  percent  were  measured  in  forward  flight.  The 
higher  power  savings  were  measured  at  higher  lift  coefficients  and  higher 
advance  ratios. 
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TABLE  I.-  CHARACTERISTICS  OF  ROTOR  SYSTEMS 


Standard 

Advanced 

Twist  (linear)  . 

-10.9 

-14.0 

Solidity: 

Planform  . 

0.0464 

0.0486 

Thrust  weighted  . 

0.0464 

0.0376 

Torque  weighted  • . 

0.0464 

0.0345 

Natural  frequencies/revolution: 

Collective  mode: 

First  beam  . 

0.248 

0.247 

First  chord  . 

0.424 

0.490 

First  torsion  . 

3.661 

3.269 

Scissors  mode: 

First  beam  . 

1.117 

1.224 

First  chord  . 

1.622 

2.202 

First  torsion  . . 

(a) 

6.168 

Cyclic  mode: 

Second  beam  . 

2.735 

2.713 

Second  chord  . 

1.463 

1.776 

First  torsion  . 

3.659 

3.269 

^ot  predicted. 
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TABLE  II 


TEST  CONDITIONS  FOR  FORWARD  FLIGHT 
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(a)  Sketch 


Figure  2.-  Model  of  UH-1  helicopter 


Figure  5.-  Comparison  of  net  hover  performance  of  rotor-blade  sets 

out  of  ground  effect. 


Figure  7.-  Comparison  of  forward-flight  performance 


Figure  7.-  Continued 


Figure  7 Continued 


Figure  7.-  Continued 


Figure  7.-  Continued 
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